An imperative problem in the field of vision-based aerial robotics is the 'autonomous helicopter landing'. The complexity of this problem can be eliminated by dividing the problem into sets of independent and simple sub-problems and to solve each set individually, i.e. 'divide and conquer'. Accordingly, we divide the pose parameters in different sets and estimate each set independently. We provide valid conditions to mask other sets of pose parameters while estimating a particular set. An H-shaped helipad made of a combination of three ellipses is used to estimate all sets of pose parameters. Thanks to simple computations, the system is much cheaper and faster than the current methods in practice. Real-time experiments indicate the effectiveness of the proposed method.
Introduction
Autonomous helicopter landing is one of the demanding issues of Un-manned Aerial Vehicles (UAVs). The reason is that small helicopters perform without pilots where the missions are dangerous, expensive, or impossible for a human to carry out. With development in camera and image processing hardware, it is natural to consider vision-based solutions to UAVs.
Visual and global positioning techniques for autonomous helicopter landing are explored in [1] . A comprehensive review on visual control is given by [2] . Photogrammetric techniques [3] and 2D to 3D line or point correspondence techniques [4, 5] are used but need accurate image measurements. The twin rotor helicopter system can be studied from [6] . This system is modified to helicopter's landing by adding visual sensor [7] .
Here we modify the previous system [7] . The visual depth technique of [8] is utilized for camera's depth. We divide the pose parameters into the following four sets and conquer (estimate) it in the same sequence:
1. Yaw-angle estimation with no roll, pitch angles and zero translation.
2. The pure translational vector is estimated with no rotation [9] .
3. The roll and pitch angles are estimated knowing yaw angle and translations.
4. The camera's height from helipad is estimated using [8] . Fig. 1 (a) shows a detailed hardware setup. Reference patterns are compared with the real-time images from wireless camera. Based on the feature error of comparison, the computer controller generates and sends control commands to the USB I/O card for interfacing with the helicopter's radio control (RC) system. RC then transmits signals to the helicopter which responds in the same manner. The dashed arrows show the wireless communication. Fig. 1 (b) shows the helipad. We assume the following: 4. The size of the target pattern in the images is much smaller than the image size.
5.
The computer is much faster in response than the helicopter's hardware. 6 . The helicopter acquires the desired positions if its pose parameters are known.
Assumptions 1-4 are used for accuracy. Applications of real-time environments need fifth assumption. The last assumption simplifies our system of having no controller design for the helicopter system.
Measuring desired elliptical parameters
The generalized steps applied to images are:
• Gray scale conversion, edge detection and 8-connected points extraction.
• Estimating elliptical features, e.g., centers, major axes and identifications.
Differentiating and finding the centers of ellipses
The needing points of the larger ellipse shown in Fig. 1 (c) are found by the algorithm. x L1 , y L1 and x L2 , y L2 are points where the x-coordinates are minimum and maximum on the circumference of the larger ellipse respectively in the image frame, d L : the distance between them and x L , y L is its center. Therefore 
Similarly we calculate the corresponding distance; center, i.e. d M ; x M , y M and d S ; x S , y S for medium and smaller ellipses respectively.
The valid condition d L > d M > d S is used to identify ellipses.
Finding the major axes
For a point on larger ellipse circumference (x Lk , y Lk ); k: 1, 2, 3, . . . , n where n is the number of total points on the circumference, the major axis of the larger ellipse is
Likewise we calculate the major axes of medium and smaller ellipses. So far we identify the ellipses and estimate its centers and major axes. Next we estimate the pose parameter sets in the same sequence as in Section 1.
Estimating Yaw (Ψ)
Using the centers of the ellipses, the yaw angles Ψs shown in Fig. 1 (d) are:
are the corresponding yaw-angles we obtain using the larger, medium and smaller ellipses respectively. (x P , y P ), (x Q , y Q ) and (x R , y R ) are points P , Q and R respectively as shown in Fig. 1 (d) . By averaging we get
This completes the estimation of Yaw-angle of both camera and helicopter w.r.t. the helipad. Helicopter then re-positions itself to zero yaw angle and get aligned with the helipad following assumption 6 in section 1.
Estimating pure translational vector
Considering a coordinate system having origin at the pin-hole camera and z-axis aligned with the optical axis, and pointing downwards. Considering the image plane is in front of the camera and focal length of 1. Let P be a point on the helipad. Points P 1 (X 1 , Y 1 , Z 1 ) and P 2 (X 2 , Y 2 , Z 2 ) with translation T, be its 3D coordinates with respect to two camera view points as shown in Fig. 2 [9] . The corresponding image coordinates are p 1 (x 1 , y 1 , 1) and p 2 (x 2 , y 2 , 1) respectively, such that
The relationship between two sets of image coordinates corresponding to the same match point is [9] p T 2 × E × p 1 = 0
The essential matrix E is given by E = RS, where R is the rotation matrix and S is the skew symmetric matrix. In our case (similar to eq. (5) of [9] ) 
To solve Eq. (4) for the unknown parameters T x , T y , T z , we need three different matched points in two camera views. We choose the center points of the three ellipses that we estimate in section 2. Now we determine the 3D coordinates P 1 (X 1 , Y 1 , Z 1 ) and P 2 (X 2 , Y 2 , Z 2 ) as
Similarly
From Eqs. (5) and (6), we choose Z 1 with larger denominator to minimize the chance of producing error. Eq. (2) then gives
Also for P 2 (X 2 , Y 2 , Z 2 ) we have
Equations (3) through (8) are discussed in more details in section 2.1 of [9] . To avoid collision with the ground during each forward movement, pure vertical movements P 2 P 2 * , P 3 P 3 * etc are applied to the helicopter as shown in figure 2 . We repeat the process until (X 2 , Y 2 ) = 0. We consider Z 2 in height adjustment in section 6. Helicopter is now vertically above the helipad and nose aligned, i.e. the center of the small ellipse is the image center with larger and medium ellipses are respectively on the left and right sides.
The helicopter is at position P n * where the longitudinal angle of the helicopter i.e. the pitch angle of the camera is set to zero. The remaining issue is to make the roll-angle zero. Fixing the camera with the helicopter body, for any miss-orientation of roll angle of the camera, the center point of each ellipse will move aside to left or right in the image plane. By simply 'watch and move' the helicopter is repositioned until the center of each ellipse come at their desired position, i.e. the desired position of smaller ellipse is the center of the image plane. Helicopter is now vertically above the helipad with zero rotations.
Height adjustment
For height control we use the lengths (in image frames) of the major axes of all the three ellipses (a L , a M , a S ) shown in Fig. 1 (b) .
Using a similar technique as [9] , different known heights of the helicopter are calibrated with the major axes in the images. If Z L , Z M , Z S are the helicopter heights related with a L , a M , a S respectively, then we have Z L = K L a L ; Z M = K M a M and Z S = K S a S . By averaging [9] we get
Eq. (9) estimates the helicopter's height. By assumption 6 in Section 1, the helicopter slowly flies down to land on the helipad.
System analysis
Initially by mechanical setup we fix the camera with the helicopter yaw-angle only, and its roll and pitch angles are zero (for masking) irrespective of the helicopter's small roll and pitch angles. With assumption 2 in Section 1 we take an image, and extract the elliptical parameters discussed in section 2. We calculate the yaw-angle from Eq. (1) as 76 degrees shown by tilt-most larger ellipse in Fig. 3 (a) . Using assumption 6 in Section 1, the helicopter produces a counter effect of −76 degrees to make the helicopter's nose directs towards the helipad. A pictorial view showing the larger ellipse's rotation from 76 to 0 (vertical ellipse) degrees is shown in Fig. 3 (a) . For pure translation stage, we take an image at P 1 and then a forward movement of ≈ 3 m is given to the helicopter until it reaches at point P 2 and take another image. Now using Eq. (4), the true translational vector is calculated as 3.46 m. Now using Eqs (5) (6) (7) (8) to find the corresponding 3D coordinates as P 1 (10.52, 7.36, 14.60) and P 2 (9.45, 6.25, 11.50). Following Fig. (2) an up movement is given to helicopter ≈ 2 m from point P 2 to P 2 * . We repeat this process until we reach at point P n * (0.014, 0.021, 6.30), where n = 7. The flight from point P 1 to P n is shown in Fig. 3 (b) . At P n * , the helicopter is practically above the helipad by neglecting the small values of X and Y. By following section 5, we rigidly fix the camera with the helicopter and the small roll and pitch angles are adjusted to zero by bringing the center of the smaller ellipse within the center of the image frame. The final stage in the landing problem is to estimate the helicopter's height above the helipad.
From Eq. (9), the helicopter's height Z is 6.2484 meters measured at P n * . The helicopter is then allowed to fly down slowly while observing its height until it touches the ground. 
Conclusion
This paper concerns how to implement a vision-based helicopter's landing over the stationary target. Our system is dominant over the past method by its simplicity, speed, cost and accuracy. Our system is hardware-independent and flexible so future ideas can be easily added. The limitations of the work lye in that the target is stationary and remains in camera view. In future we aim to modify our system by tracking and landing on a moving target and by helicopter's controller design.
